Background: An important goal of chronic obstructive pulmonary disease (COPD) treatment is to reduce the frequency of exacerbations. Some observations suggest a decline in exacerbation rates in clinical trials over time. A more systematic understanding would help to improve the design and interpretation of COPD trials. Methods: We performed a systematic review and meta-regression of the placebo groups in published randomized controlled trials reporting exacerbations as an outcome. A Bayesian negative binomial model was developed to accommodate results that are reported in different formats; results are reported with credible intervals (CI) and posterior tail probabilities (p B ).
Background
Chronic obstructive pulmonary disease (COPD) is a major cause of death and disability worldwide, and the burden of this disorder caused by smoking will likely continue to increase despite therapeutic advances [1] . The chronic course of COPD is aggravated by disease exacerbations. Nearly 20% of exacerbations in the populations of recent large clinical trials required hospitalization [2] [3] [4] . Exacerbations reduce lung function and physical ability as well as quality of life and ability to work, and also increase the risk of death [5] . Because exacerbations impact heavily on the natural history of the disease and the utilization of health care resources, an important goal of COPD treatment is the reduction of the number of exacerbations. Thus, many phase III studies assess COPD exacerbations as their primary endpoint [6] .
Interestingly, some recent trials did not demonstrate statistically significant reductions in moderate or severe COPD exacerbations despite convincing positive effects on other clinically relevant outcomes including symptoms and lung function [7, 8] . A trial's ability to demonstrate a statistically significant treatment effect on exacerbations does not only depend on the number of patients recruited and the size of the treatment effect but also on the exacerbation rate. Therefore, it is important to reliably predict the frequency of exacerbations in the planning phase of a clinical trial. Also the interpretation of epidemiologic data and metaanalysis rests on the assumption of a relatively stable exercerbation rate over time. If not due to treatment inefficacy, another reason for randomized controlled trials (RCT) failing to demonstrate a statistically significant effect for the endpoint of exacerbation rate might have been a decline in overall exacerbation rate over time, and a failure to compensate for this in the trial design. Indeed, adjunct therapies such as vaccination, better treatment of comorbidities or healthier lifestyle might have had a positive impact on exacerbation rates in general over the past years. Also, it might be speculated that the selection of patients into trials might have changed with the increased availability of more potent therapies over the years.
The aim of the present systematic review and meta-regression therefore was to assess whether the rate of COPD exacerbations in the placebo groups of RCTs changed according to when these trials were conducted. If such a trend was present, it would be of interest to know whether it could be explained by changing study populations in terms of relevant prognostic factors over the years.
Methods
In conduct and reporting of this systematic review we follow the PRISMA statement [9] . This review is registered with PROSPERO (CRD42018118823, 2018).
Literature review
In order to find relevant studies, we performed a literature search using PubMed and Cochrane CENTRAL. The search terms used were: "(COPD OR chronic obstructive pulmonary disease OR COLD OR chronic obstructive lung disease OR 'Pulmonary Disease, Chronic Obstructive'[Mesh]) AND (double-blind OR double blind) AND exacerba*", using the limits "Clinical Trial" and "Randomized Controlled Trial". In order to also retrieve studies that have only recently been added to the database and may not be completely indexed, we repeated the search using only the limit "published in the last 180 days". In addition, we considered studies that were referenced by reviews [10] [11] [12] . The date of last search was January 2nd, 2019.
The list of abstracts was independently reviewed by three authors (CR, SS, JH) using the following inclusion criteria: (i) the study needs to deal with adult COPD patients; (ii) the study has a placebo control group; (iii) the study design uses parallel group or a cross-over design; (iv) the trial is double-blind and randomized; (v) exacerbation rates are quoted or can be calculated from the data presented; (vi) at least 100 patients (intentionto-treat population) are included into the study; (vii) the study has a treatment duration of at least 12 weeks.
Data extraction
We recorded information on patient demographics, trial eligibility criteria, exacerbation rates, and the corresponding uncertainties as well as overdispersion. Information on studies was assembled in a table and checked independently by at least two authors (CR; SS; SA; HW; JH). The reporting of rates was rather heterogeneous, partly because not all studies considered here treated exacerbation rates as a primary endpoint [13] . The preferred source of evidence on rates are explicitly quoted rate estimates, and corresponding standard errors or confidence intervals. If a rate is given along with the number of exacerbation-free patients, this pair of figures provides some evidence on the overdispersion. If only one of the numbers is given, these may still be used to fit the joint model [14] . Quoted rates or total exacerbation counts may be converted to one another, as can numbers and fractions of (non-)exacerbating patients. When exacerbation counts of differing severities are given, the numbers pertaining to "moderate to severe" exacerbation events were used. Our review focuses on data from the studies' placebo groups. Only the concurrent use of inhaled corticosteroids (ICS) or rescue medications was acceptable in order to be considered as placebo groups for purposes of our analysis. In a sensitivity analysis, we also distinguish between studies involving "true" and "ICS-placebo" groups where "true" placebo indicates that ICS were not allowed while in the "ICS-placebo" groups ICS were allowed. If ICS were allowed, this does not mean that all patients actually received ICS. Often the ICS proportion was only about 50% or commonly not reported at all. Other extracted study characteristics were: number of participants, study duration, number of patient-years, fraction of smokers, mean pack-years, mean St. George's Respiratory Questionnaire (SGRQ) score, proportion of males, and mean forced expiratory volume in 1 s (FEV 1 ). Study quality was assessed by two reviewers (SS; SA) using the Oxford Quality Scale score [15] ; discrepancies in this regard were resolved by a third reviewer (TF).
Data analysis
Modeling of the event count data here is based on the negative binomial distribution, a generalization of the Poisson distribution. The Poisson distribution is defined through a single rate parameter; for example, a patient may be assumed to experience events at an annualized rate λ. If the patient is observed over a duration δ, the observed number of events is Poisson (δλ)-distributed with expectation δλ and variance equal to the expectation. The negative binomial distribution possesses an additional overdispersion parameter (φ ≥ 0) in order to account for extra variation (or heterogeneity) between patients, beyond what could be accommodated by a Poisson distribution [16] . If event counts are modeled using a negative binomial distribution, the expected event count again equals the rate (δλ), but at δλ (1 + φδλ) the variance may be larger, depending on the amount of overdispersion. For φ = 0, the distribution again reduces to a Poisson distribution. The use of negative binomial models for parametric analyses of exacerbation counts has been advocated e.g. by [13, 17] and in the corresponding EMA guideline [18] . Published hints on the amount of overdispersion to be expected on the other hand are rare; Keene et al. [17] quote φ ≈ 0.5. Anzueto et al. [19] use "an overdispersion-estimate of 1.5" and Calverley et al. [20] use "a correction for overdispersion of 2", while the actual conventions used for quantifying overdispersion may be ambiguous.
Due to the heterogeneous standards of reporting exacerbation counts, a Bayesian model was developed in order to accommodate different types of reported outcome measures in a coherent model as published previously [14] . This way, endpoints given in terms of (a) rates and standard errors (or confidence intervals), (b) rates (or total event counts) only, (c) numbers (or proportions) of patients with and without an event, or (d) a combination of total count and event-free numbers may be jointly utilized for the analysis. Analysis then primarily aims for the annual exacerbation rate, while at the same time accounting for overdispersion. Study-specific random effects are included for logarithmic rate and overdispersion, and covariables are included in the model by assuming a linear effect on the logarithmic exacerbation rate. For the ith study of duration d i , we assume that the number of exacerbations follows a negative binomial distribution with rate d i λ i and overdispersion φ i , where log (λ i )~Normal(β 0 + β 1 x, σ λ 2 ) and log
. Here x is our covariable (e.g., publication year, in years since 2000). The parameters β 0 and β 1 here are the intercept and slope of the regression line, respectively, and σ λ 2 and σ φ 2 are the heterogeneity parameters for rate and overdispersion, respectively. Further covariables then are added analogously. In order to fit the Bayesian models, we used the following prior distributions for the parameters: a uniform distribution on the interval log (0.001) to log (1000) for the intercept, i.e., β 0~U niform (log (0.001), log (1000)); a normal distribution with mean 0 and variance 100 for the slope, i.e., β 1~N ormal (0, 10 2 ); a half-normal distribution with scale 1.0 for the heterogeneity of the rate, i.e., σ λ~h alfNormal (1.0); a uniform distribution on the interval log (0.0001 to log (10000) for the mean overdispersion, i.e., μ φ~U niform (log (0.0001), log (10000)); and a half-normal distribution with scale 1.0 for the heterogeneity of the overdispersion, i.e., σ φ~h alfNormal (1.0). The models are fitted via Markov chain Monte Carlo (MCMC) methods using JAGS and the "rjags" R package [21] . Estimates are quoted in terms of posterior medians and central 95% credible intervals (CIs). For the Bayesian analyses, we quote two-sided posterior tail probabilities (p B ) for the regression parameters instead of frequentist (two-sided) p-values.
The model is primarily used to fit a time trend in exacerbation rates. As an additional analysis, similar to the strategy adopted by Steinvorth et al. [22] , we investigate whether other covariables exhibit a correlation with the publication year, which might help establishing a causal connection. If a correlation is found to be statistically different from zero, the corresponding variable is considered as an additional explanatory variable in the regression model. Since treatment effects are not in the focus of the present study, we do not expect systematic biases in the reporting of results.
Results

Included studies and their characteristics
The literature review resulted in a total of 1114 distinct studies; of these, 283 full texts were screened for eligibility, and 55 were eventually included in the quantitative analysis (see also the PRISMA flow chart in Fig. 1 ). The studies included 14,065 placebo patients, covering 10, 491 patient-years. Study durations ranged from 12 weeks to 3 years, with a median of half a year. The median number of placebo patients was about 200, with a range in group size from 43 up to 1500. The included studies' characteristics are summarized in Table 1 . The studies were of overall good quality; the minimum Oxford Quality Score of 2/5 (since randomization and blinding were inclusion criteria) was achieved by one study only, and a majority of 64% of the studies reached scores of 4 or 5/5.
Temporal trends in exacerbation rates
Data on exacerbations were reported in various formats. Three studies provided data in terms of a rate estimate and standard error, 14 studies provided a total exacerbation count and the number of exacerbation-free patients, 9 studies quoted only the total count, and 29 studies gave only the proportion of non-exacerbating patients. The effect of publication year on exacerbation rate is estimated to decrease (95% CI) by 6.7% (4.4, 9.0) per year, or 50% (36, 61) per decade. Figure 2 illustrates the estimated annualized exacerbation rates. Other parameter estimates are shown in Table 2 . Considering the two subsets of studies using "true placebos" or "ICS-placebos" yields very similar results; for these we calculate an estimated decrease (95% CI) of 7.5% (2.6, 12.4) per year (54% (23, 73) per decade) and 6.7% (3.7, 9.6) per year (50% (33, 64) per decade), respectively. The corresponding trends with CIs are illustrated in Fig. 2 and the estimates are shown in Table 3 and Fig. 4 .
Trends in study and patient characteristics
Among the remaining available characteristics of the studies and their populations (i.e., number of patients, study duration, number of patient-years, fraction of smokers, mean pack-years, mean St. George's Respiratory Questionnaire (SGRQ), proportion of males, mean Fig. 3 .
Explaining the temporal trend in exacerbation rates
The SGRQ was available for 28 studies. The inclusion of mean SGRQ score as a covariable into the metaanalysis model led to a meta-regression resulting in a similar estimate for the annual decrease in exacerbation rate. The parameter estimates of the meta-regression are shown in Table 4 . The effect of SGRQ is near neutral, suggesting 0.1% decrease in rate per 1 point increase in SGRQ score, and the CI is wide Fig. 2 Time trend in annualized exacerbation rates based on the Bayesian regression analysis (without adjustment for study or baseline characteristics). The dashed line shows the estimated rate over time along with a 95% credible region. The points and vertical whiskers indicate each individual study's estimated rate along with a 95% credible interval. The shown ("shrinkage") estimates are based not only on the corresponding study's provided data (which in some cases may not be sufficient to derive a rate estimate), but these are supported by the complete data set. Different types of data sources are indicated by different symbols (some references directly provide rate estimates along with standard errors, some report the total number of exacerbations and the number of exacerbation-free patients, and some only one of the two). Within each publication year, estimates are evenly distributed so that they are identifiable by their respective index (see axis at top and Additional file 1: Table S1 ). Inserted below are two smaller figures illustrating the time trend for the two subsets of "true" placebos (21 studies) and ICS-placebos (34 studies)
(from − 4.0 to + 3.9%) and includes zero, i.e. no significant change. Consideration of mean baseline FEV 1 also led to consistent results. Mean FEV 1 was available for 50 studies; adjustment for FEV 1 led again to a similar, although slightly reduced, estimate of the annual decrease. The estimated effect of FEV 1 amounts to a 2.8% reduction in rate for each percentage point increase in FEV 1 , with a CI ranging from 1.1 to 4.5%. All parameter estimates are shown in Table 4 , and the estimates of the annual reduction in exacerbation rate resulting from the different models discussed above are illustrated side-by-side in Fig. 4 .
In addition, we considered a model adjusting the publication year effect for mean baseline SGRQ as well as mean baseline FEV 1 . Only 25 studies were available providing information on SGRQ as well as FEV 1 . With this reduced number of studies and additional parameters, we expect more uncertainty in the parameter estimates. Table 4 shows the results with the correspondingly wider CIs, which are still consistent with the previous analyses.
Discussion
Considering placebo arms of RCTs, we found a drop in COPD exacerbations of 50% in a decade, which is a substantial effect as generally reductions of at least 20% in exacerbation rates compared to placebo are considered clinically relevant [23] . Known predictors of exacerbation rate such as FEV 1 , age, sex, symptoms, smoking status and smoking history have little effect on this finding. To the best of our knowledge this is the first metaregression analysis of RCT investigating a time trend in the frequency of COPD exacerbations.
Previous epidemiologic data are in line with our findings. A Canadian inception cohort of patients hospitalized for COPD during 1990 to 2005 found that the time from the first to the second severe exacerbation increased after the year 2000 compared with before 2000 [5] . Similar time trends were reported from Spain [24] , hinting at a general trend in the Western world.
Recent large-scale RCTs suggest that it is more difficult to demonstrate a treatment effect in relatively affluent regions such as North America and Western Europe as compared to Africa, Asia and Eastern Europe where COPD treatment might be less advanced and comparable to treatment in Western Europe some time ago [3] . One reason are the lower exacerbation rates oberserved in some regions compared to others [3] , which is in line with our finding that advances in health Table 2 Parameter estimates from regression analysis (all 55 studies). The parameters originally refer to the rate on the logarithmic scale; the effects may also be expressed in terms of a corresponding percentage change (last column). Bayesian posterior tail probabilities (p B ) are also provided for the regression coefficients instead of frequentist two-sided p-values Table 3 Parameter estimates (analogous to Table 2 ) for the regression analyses for the subgroups of "true placebos" and "ICS- care over time came with reduced exacerbation rates in the trials. We speculate that adjunct treatments in the placebo (and verum) group improved over time. Vaccination, exercise or as-needed short acting bronchodilator treatments might have been used more frequently. Better treatment of comorbidities such as cardiovascular disease [25] , better ambient air quality and a healthier lifestyle might conceivably also have contributed [26] . Table 4 Parameter estimates (analogous to Table 2) Several baseline characteristics predictive of exacerbation rate were unknown and thus not reported at the beginning of COPD RCTs two decades ago. Only more recent trials identified and reported further predictors of exacerbation such as the 6 min walk test, physical activity, previous exacerbations or small airway abnormality on CT [27] [28] [29] . Similarly, biomarkers indicative of inflammation such as C-reactive protein, fibrinogen, white blood cell count or eosinophil count [27, 30, 31] were only reported in more recent studies. In the present meta-analysis we have only included well known predictors of exacerbation rate that were reported in a sufficient number of studies (i.e. fraction of smokers, mean pack-years, mean SGRQ score, proportion of males, mean age, and mean FEV 1 ). Only SGRQ score and FEV 1 exhibited statistically significant correlations with publication year.
In less than 50% of studies health related quality of life as evaluated by the SGRQ was reported. SGRQ values have decreased over the years indicating less severe disease (Fig. 3) . However, the observed time trend in exacerbation rate was little affected by this finding (Fig. 4) . FEV 1 in % predicted was reported in nearly all studies and increased over time (Fig. 3) . Again the observed time trend was little affected by FEV 1 (Fig. 4) . In our analysis we used FEV 1 in % of the predicted value and not the absolute values. Previous publications did not show any difference between both measures concerning exacerbations or parameters describing disease severity [27] .
Due to the ambiguity in the definition of what exactly constitutes an exacerbation, studies usually may not be directly comparable with one another, and we expect some heterogeneity in the findings from different studies. Effing et al. demonstrated that the use of different conventions may make substantial differences in the magnitude and significance of the findings [32] . Although all definitions contain some subjective judgements, reproducibility and validity are nevertheless generally high. Problems may arise, however, if studies using different definitions are meta-analyzed [10, 33, 34] . Our approach was to use data for moderate to severe exacerbations, if more than one category of exacerbations was reported and we should thereby have minimized the effect of differences in the definitions of exacerbations used. Furthermore, we believe it is unlikely that our findings can be explained by a change in the definition of exacerbation over time.
Although exacerbations are commonly considered as primary outcome in confirmatory trials in COPD, their reporting is not consistent across trials. While most large RCT report annualized rates, many studies give only the number of exacerbation-free patients, or, alternatively, the numbers of patients with no, one, two or three exacerbations. In the present analysis we have dealt with this problem by modelling the data jointly using a negative binomial model with random effects for rate and overdispersion as reported previously [14] .
In our analysis concomitant ICS monotherapy had little effect on the position or slope of the time trend in Fig. 4 Estimated annual reduction in exacerbation rates (see also Tables 2,3,4). In the "overall" model, the estimated decrease is at 6.3% (95% CI (3.9, 8.7)) per calender year. The estimates based on the two disjoint subgroups of placebo controls are very similar, and adjusting for baseline mean SGRQ score or FEV 1 also leads to consistent effects exacerbation rates (Fig. 2) compared to true placebo arms. It should be noted, however, that a substantial portion of the "ICS-placebo" group was not actually treated with ICS.
The findings of our meta-regression have important implications for the planning of future clinical trials and the comparison of treatment effects of earlier studies: Since sample size calculations cannot rely on the event rate being stable over time, an adaptive trial design might be more appropriate [35] . Indeed, the US Food and Drug Administration guidance on adaptive designs recommends that sample size adjustment using blinded methods to maintain desired study power should be considered [21] .
Network meta-analyses are commonly used to indirectly compare treatments that have not been compared directly in a RCT [36] . However, the decrease in exacerbation rate over time as observed in our analysis highlights the difficulties with such an approach. For instance a network meta-analysis on inhaled drugs to reduce COPD exacerbations included studies over a 15 year period [10] . Another meta-analysis on COPD exacerbations encompassed a time span of 7 years [13] . Other meta-analyses or databases of routinely collected healthcare data integrated studies over a period of 10 [37], 13 [38] , and 17 years [39] .
Relapsing-remitting multiple sclerosis is another disease with an infrequent but clinical relevant endpoint evaluated in clinical trials. Similar to our work in COPD, a decline in event rates over the years was observed [22] that complicates the interpretation of differences in meta-analysis [40] .
Limitations and strengths
Although we took great care to distinguish different definitions of exacerbations, some idiosyncrasies between studies cannot be classified and analyzed. As discussed above, we were able to analyze only commonly reported predictors of exacerbations. Thus we cannot exclude that unidentified predictors changed over time. Given the comparatively small effect of well-established predictors of exacerbations such as SGRQ and FEV 1 , however, we consider it unlikely that this would be a significant limitation.
The main strength of our study lies in the long period of time evaluated and the consistent findings following adjustment for a number of well known confounders including age, smoking status, baseline symptoms and lung function. Furthermore, we consider it a strength that the statistical methods used allow for the consideration of heterogeneous ways of reporting exacerbations.
Germany.
